Diamond films were successfully synthesized in both parallel-plate radio frequency ͑rf: 13.56 MHz͒ CH 4 and CH 3 OH plasmas with injection of H and OH radicals generated in the remote microwave ͑2.45 GHz͒ H 2 /H 2 O plasma. Effects of H, OH, and CH 3 radicals on the diamond film formation in the rf plasma reactor were investigated by the formation of diamond films employing radical injection technique and the measurement of density in the plasma. Under the condition of diamond film formation, CH 3 density was measured by infrared diode laser absorption spectroscopy ͑IRLAS͒. The kinetics of CH 3 in rf CH 4 and CH 3 OH plasmas with injection of H and OH radicals were evaluated from the results of optical emission spectroscopy and lifetime of CH 3 radicals estimated by IRLAS.
I. INTRODUCTION
Diamond has many excellent properties such as negative electron affinity, mechanical hardness, high thermal conductivity, and wide band gap. These properties have been expected to be applied to field emitters, mechanical cutting tools, heatsinks of semiconductor, and semiconductors in a high temperature operation. Therefore, various techniques of diamond film formation, represented by a hot filament chemical vapor deposition ͑HFCVD͒ and a plasma enhanced chemical vapor deposition ͑P-CVD͒, have been developed. [1] [2] [3] [4] [5] In order to realize the synthesis of diamond films with high quality, the clarification of mechanism of diamond film formation is necessary. Up to now, the mechanism of diamond film formation has been studied by theoretical calculations and experimental methods. Through these studies, some models of diamond film growth have been proposed. Harris reported the epitaxial growth on ͑100͒ diamond crystal through the surface reaction due to CH 3 and H radicals. 6 Moreover, existence of CH 3 radicals on the surface of diamond film deposited by P-CVD was confirmed using a scanning tunneling microscope. 7 However, some researchers have reported the growth of diamond through species containing carbon other than CH 3 radicals. Zhang et al. 8 reported that C atoms had a potential for the diamond formation by the theoretical calculation in the gas phase. Gruen et al. 9 reported the deposition of diamond film from C 2 in the microwave plasma employing C 60 and mixture gases of Ar and H 2 . However, the mechanism of diamond film growth has not been clarified entirely.
In order to clarify the mechanism of the diamond film growth, it is indispensable to get the information on the behavior of radicals in the plasma with relation to the characteristics of diamond films. In our previous studies, we have proposed a radical injection technique ͑RIT͒ to control radicals in the plasma with keeping the plasma parameter constant. RIT has also enabled us to investigate the effect of radicals of interest on the process. Using this RIT, diamond has been successfully synthesized in the parallel-plate rf plasma reactor for the first time. [10] [11] [12] Moreover, H and OH radicals have been found clearly to play a critical role in etching of nondiamond phases during the diamond formation. 10, 12 However, there was no information on CH 3 radicals in the plasma with injection of H and OH radicals in our previous studies. Since the CH 3 radicals has been regarded as important precursor for the deposition of the diamond films, investigations of the kinetics of CH 3 radicals together with H and OH radicals in the gas phase are necessary for better understanding of the mechanism of diamond film formation.
In this article, effects of H, OH, and CH 3 radicals on the diamond film formation in the parallel-plate rf ͑13.56 MHz͒ plasma reactor employing RIT were investigated by the measurement of radical density in the plasma. Films were deposited in the parallel-plate rf CH 4 and CH 3 OH plasmas assisted by injection of H and OH radicals generated in the remote microwave ͑2.45 GHz͒ H 2 /H 2 O plasma. The behaviors of CH 3 radicals in these plasmas were investigated by using infrared diode laser absorption spectroscopy ͑IRLAS͒ measurement. The kinetics of CH 3 radicals in the plasma are evaluated from the results of optical emission spectroscopy ͑OES͒ and lifetime of the CH 3 radicals estimated by IRLAS.
II. EXPERIMENT
A main reaction chamber used for the diamond film formation was equipped with circular parallel-plate electrodes of 8.5 cm in diameter with a separation of 4 cm. The remote microwave plasma system for the generation of radicals to be injected into the rf plasma region was attached to the side wall of the main reaction chamber as described in Refs. 10 and 11. CH 3 OH or CH 4 gas was introduced into the rf plasma region. H 2 and H 2 O gases were fed through the quartz tube equipped with the discharge cavity, and were excited by a microwave plasma. The inner diameter of quartz tube was 1.0 cm and the distance from the center of microa͒ Also with: Electronics Department, Nagoya Municipal Industrial Research Institute, Atsuta-ku, Nagoya 456, Japan. b͒ Also with: Department of Electrical and Electronic Engineering, Meijo University, Tempaku-ku, Nagoya 468, Japan.
wave plasma region to the edge of quartz tube was 6.3 cm. A substrate was set on the electrically isolated stainless block on the grounded electrode and was biased positively during the deposition. The substrate was a ͑100͒ Si, which was polished for 1 h with 30-40 m diamond powders in the solution with an ultrasonic vibrator. The polished Si substrates were rinsed with acetone for 10 min. The thickness of deposited films was measured using a tally step. A deposition rate of films was obtained by dividing the thickness of deposited films by deposition period. Deposited films were characterized by a scanning electron microscope ͑SEM͒, an x-ray diffraction ͑XRD͒, and a Raman spectroscopy. Figure 1 shows an rf P-CVD chamber used for the measurement of CH 3 radical density. It was the same as the system reported in Ref. 13 except for a remote radical source ͑Superior microwave radical source, Irie Koken Co., Ltd.͒. The size of the chamber was 40 cm in inner diameter and 40 cm in height. The rf plasma chamber was equipped with a pair of circular parallel-plate electrodes of 20 cm in diameter the chamber with a separation of 4.5 cm. The microwave plasma system for the generation of radicals to be injected was attached to the side wall of the rf plasma chamber. The radicals source employed in the present study has been described in detail in Ref. 14. The diameter of an orifice in front of the microwave plasma cavity was about 0.5 cm, which was made from hexagonal boron nitride. The distance between the orifice and center of the electrode was about 20 cm.
CH 3 OH or CH 4 gas was introduced into the rf plasma region. Moreover, a small amount of Ar gas was added to the rf plasma to obtain the information on the electron density and electron temperature in the plasma. The partial pressure of Ar gas was 0.13 Pa. H 2 and H 2 O gases were introduced into the microwave plasma region and then dissociated species were injected into the rf plasma region. An rf power was modulated by the square wave signal with an on-period of 20 ms and an off-period of 38 ms and was applied to the upper electrode. The microwave power was continuously applied to the discharge cavity.
In rf CH 4 and CH 3 OH plasmas with H radical injection, CH 3 radical density was measured as a function of microwave power. In these measurements, the density of H radicals injected into the rf plasma was controlled by varying the microwave power. Experiments were carried out at a CH 3 OH or CH 4 partial pressure of 2.67 Pa, an H 2 partial pressure of 10.7 Pa, and an rf power density of 0.83 W cm
Ϫ2
. The lifetime of the CH 3 radicals in the plasma was also measured from the decay curve of CH 3 radical density after the termination of rf plasma.
In CH 3 OH and CH 4 plasmas with H and OH radical injection, CH 3 radical density was measured as a function of mixture ratio of H 2 and H 2 O gases at a total pressure of 13.3 Pa, a CH 3 OH or CH 4 partial pressure of 2.67 Pa, an rf power density of 0.83 W cm
, and a microwave power of 300 W. In the measurement of CH 1 radical density, the IR laser beam was passed 40 times through the rf plasma region at the position of 2 cm above the lower electrode. The absorption length is assumed to be 800 cm ͑20 cm of electrode diameter ϫ40 times of number of crossing the plasma͒. The temperature is estimated to be 400 K from the linewidth of absorption profile due to CH 3 radicals.
In the OES measurement, emission intensities of Ar* ͓750.
transition͒ were used. The light emitted from the rf plasma region was focused on the monochromator using lens and detected with photomultiplier tube.
III. RESULTS AND DISCUSSION

A. Effects of H radical injection on diamond formation
In the case of film formation using rf CH 3 OH and CH 4 plasmas assisted by the H radical injection, films were deposited at pressures of CH 3 images of the surface of films deposited using rf CH 3 OH and rf CH 4 plasmas, respectively. Figure 2͑a͒ is cited from our previous results in Ref. 10 . In the case of rf CH 3 OH plasma with injection of H radicals, diamond nuclei with grain size of 200-300 nm and ball-like deposits 50-100 nm in size were observed from Fig. 2͑a͒ . In the case of rf CH 4 plasma with H radical injection, on the other hand, only ball-like nondiamond phases with 10-30 nm in size were observed and the diamond nuclei were not formed as shown in Fig.  2͑b͒ . Therefore, it is worth noting that the diamond formation is considerably influenced by feed gases used in this system.
B. Kinetics of CH 3 radicals in rf plasma with H radical injection
In order to investigate the influence of feed gases on the diamond film formation in this study, CH 3 radical density was measured in rf CH 3 OH and CH 4 plasmas with H radical injection using IRLAS. Figure 3 shows the density and lifetime of CH 3 radicals in the rf CH 3 OH plasma with H radical injection as a function of microwave power. The density of H radicals injected into the rf plasma was controlled by the variation of microwave power. CH 3 radical density decreased at the microwave power of 150 W, and then increased with further increasing the microwave power. At the microwave power of 300 W, CH 3 radical density was estimated to be 4ϫ10 11 cm Ϫ3 in the rf CH 3 OH plasma with the H radical injection. In the same manner, the lifetime of CH 3 radicals decreased at the microwave power of 150 W and then increased with further increasing the microwave power. Figure 4 shows Ar* emission intensity as a function of microwave power. Ar* emission intensity increased up to the microwave power of 150 W and then was almost constant with further increasing the microwave power. Figure 5 shows the density and lifetime of CH 3 radicals in the rf CH 4 plasma with H radical injection as a function of microwave power. It was found that both CH 3 radical density and the lifetime of CH 3 radicals decreased with increasing the microwave power. At the microwave power of 300 W, CH 3 radical density was estimated to be 3ϫ10 11 cm Ϫ3 in the rf CH 4 plasma with H radical injection. Figure 6 shows Ar* emission intensity as a function of microwave power. The emission intensity of Ar* was almost constant with the variation of microwave powers up to 200 W, and then increased with further increasing the microwave power.
The effects of H radical injection on CH 3 radicals in rf CH 3 OH and CH 4 plasmas are discussed by reactions of H radicals with CH 3 radicals and parent gases. The production and loss reactions of CH 3 radicals due to H radicals in rf CH 3 OH and CH 4 plasmas are listed in Table I .
Using these reaction rate constants and measured CH 3 radical density as shown in Fig. 3 , the production rate of CH 3 radicals due to the reaction of Eq. ͑1͒ was estimated to be . On the other hand, the loss rate due to the reactions of Eqs. ͑3͒ and ͑4͒ was estimated to be 16 s Ϫ1 under the present condition of ͓CH 3 ͔ϭ4ϫ10 11 cm
Ϫ3
. The production rate of CH 3 radicals due to H radicals was larger than the loss rate due to the H radicals reaction, which caused the increase of the lifetime of CH 3 radicals in the case of H radical injection. Ar* emission intensity represents the product of the electron density and electron temperature in the plasma. In the rf CH 3 OH plasma with H radical injection, the product of the electron density and electron temperature was almost constant at microwave powers above 150 W. This result suggests that the generation of CH 3 radicals from CH 3 OH molecules by the electron impact dissociation was almost constant. Therefore, the increase of CH 3 radical density was caused by the production of CH 3 radicals due to the reaction of H radicals with parent CH 3 OH molecules.
In the rf CH 4 plasma with H radical injection, the production rate of CH 3 radicals due to the reaction of Eq. ͑2͒ in Table I . On the other hand, the loss rate due to the reaction between CH 3 and H radicals was estimated about 10 s Ϫ1 with ͓CH 3 ͔ϭ3ϫ10 11 cm
. The loss rate due to the reaction between CH 3 and H radicals was much larger than the production rate due to the reaction of H radicals with parent CH 4 molecules because the reaction rate constant between H and CH 3 radicals was much larger than that between H and parent CH 4 molecules. With increasing the density of H radicals injected into rf plasma region, the lifetime of CH 3 radicals decreased due to the loss reaction between CH 3 and H radicals Ar* emission intensity representing the generation of CH 3 radicals due to the electron impact dissociation did not decrease with increasing microwave power. Observed decay curves of CH 3 radical density were well fitted to the single exponential. Moreover, the lifetime of CH 3 radicals was two orders of magnitude shorter than the residence time of feed gases. These results indicate that the loss process of CH 3 radicals was through the reaction loss. Therefore, the density and lifetime of CH 3 radicals decreased due to the increase in the the loss reaction between CH 3 and H radicals in the rf CH 4 plasma.
When H radicals were injected into rf CH 3 OH and CH 4 plasmas at the same amount, CH 3 radical densities in both plasmas were almost the same, and were of the order of 10 11 cm Ϫ3 at the rf power density of 0.83 W cm
Ϫ2
. However, the diamond was successfully formed only using the rf CH 3 OH plasma assisted by H radical injection. The diamond formation cannot be explained by the difference of CH 3 radical density between rf CH 3 OH and CH 4 plasmas with H radicals injection.
C. Effects of OH radical injection on diamond film formation
Figures 7͑a͒ and 7͑b͒ show SEM images of the surface morphology of films deposited in rf CH 3 OH and CH 4 plasmas with injection of OH radicals together with H radicals, respectively. These experiments were carried out at a total .67 Pa, a substrate temperature of 600°C, a substrate bias of ϩ5 V, an rf power of 100 W, and a microwave power of 100 W. In our previous paper, a diamond peak at 1333 cm Ϫ1 was observed in deposited films using this system from the Raman spectroscopy. 11 In both rf CH 3 OH and CH 4 plasmas, diamond films were successfully deposited by the injection of OH radicals in addition to H radicals. The deposition rates of these films were almost the same and the value was 33 nm/h. The quality of diamond in these films was almost the same by the measurement of XRD. It was found that OH radical injection is effective on the diamond film formation using the parallel-plate rf plasma. Figure 8 shows the density and lifetime of CH 3 radicals in the rf CH 3 OH plasma as a function of H 2 O partial pressure. The CH 3 radical density decreased rapidly at H 2 O partial pressures up to 0.67 Pa and then the absorption signal attributed to CH 3 radicals could not be detected with further increasing H 2 O pressure. The density of CH 3 radicals at H 2 O partial pressures above 0.67 Pa was estimated to be less than 4.0ϫ10 10 cm Ϫ3 from the detection limit of 0.1% absorption. The lifetime of CH 3 radicals also decreased with increasing H 2 O pressure. Figure 9 shows emission intensities of Ar*, OH, and O in the rf CH 3 OH plasma as a function of H 2 O partial pressure. Emission intensities of OH and O were normalized by Ar* emission intensity and then all emission intensities were normalized to unity at the H 2 O pressure of 10.7 Pa. The emission intensities of Ar*, OH, and O increased with increasing H 2 O partial pressure. Especially, the emission intensities of OH and O increased considerably.
D. Kinetics of CH 3 radicals in rf plasma with OH radical injection
Here, effects of injected OH and O radicals on CH 3 radicals in the rf CH 3 OH plasma are discussed on the basis of the reactions of CH 3 radicals with OH and O radicals. The production and loss reactions of CH 3 radicals with OH and O radicals in rf CH 3 OH and CH 4 plasmas are listed in Table II. There has been no data for the production of CH 3 radicals due to reactions of OH and O radicals with parent CH 3 OH molecules. These production rate of CH 3 radicals would be negligibly small. The loss reactions of CH 3 radicals with OH and O radicals are given by Eqs. ͑9͒ and ͑10͒. The reaction rate constants for the reactions of CH 3 with OH and O radicals were of the order of 10 Ϫ11 and 10 Ϫ10 cm Ϫ3 s Ϫ1 , respectively, which are rapid reaction rates. Using these reaction rate constants listed in Table II, . With the injection of OH and O radicals into the rf CH 3 OH plasma, only loss reactions of CH 3 radicals are considered to occur.
The behavior of CH 3 radicals shown in Fig. 8 is explained by the results of emission intensities in Fig. 9 and chemical reactions described in Table II . From the emission intensities, OH and O radicals contributing to the loss of CH 3 radicals increase with increasing H 2 O partial pressure. Although Ar* emission intensity representing the generation of CH 3 radicals due to the dissociation of feed gas by the electron impact increased with increasing H 2 O partial pressure, the variation of Ar* emission intensity was relatively small compared with those of OH and O emission intensities. Observed decay curves of CH 3 radical density were well fitted to the single exponential. Moreover, the observed lifetime of CH 3 radicals was two orders of magnitude shorter than the residence time of feed gases. These results indicate that the loss process of CH 3 radicals was due to the reaction loss. Therefore, the density and lifetime of CH 3 radicals were decreased by the increase in the loss reaction of CH 3 radicals with OH and O radicals. Figure 10 shows the density and lifetime of CH 3 radicals in the rf CH 4 plasma as a function of H 2 O pressure. In the same manner as rf CH 3 OH plasma, the density and lifetime of CH 3 radicals decreased with increasing H 2 O partial pressure and CH 3 radicals could not be detected at H 2 O pressures above 5.34 Pa. Figure 11 shows emission intensities of Ar*, OH, and O in the rf CH 4 plasma as a function of H 2 O partial pressure. Emission intensities of OH and O were normalized by the Ar* emission intensity and all emission intensities were normalized to unity at the H 2 O pressure of 10.7 Pa. The emission intensity of Ar* was almost constant with the variation of H 2 O partial pressure. On the other hand, emission intensities of OH and O radicals increased considerably with increasing H 2 O partial pressure.
In the case of rf CH 4 plasma, the production reactions of CH 3 radicals through the reactions between injected OH and O radicals and the parent CH 4 molecules are shown in Table  II . In Table II , the loss reaction of CH 3 radicals with OH and O radicals are also described in Eqs. ͑9͒ and ͑10͒.
Using reaction rate constants in Table II , the production and loss rates of CH 3 radicals due to the reaction with OH radicals were estimated to be 4 and 10 s Ϫ1 , respectively, under the present condition of ͓CH 4 ͔ϭ6ϫ10
14 cm Ϫ3 and ͓CH 3 ͔ϭ3ϫ10 11 cm
Ϫ3
. Moreover, the production and loss rates of CH 3 radicals due to the reaction with O radicals were estimated to be 4ϫ10 Ϫ2 and 30 s
Ϫ1
, respectively. In the reactions of OH radicals with CH 3 radicals and parent CH 4 molecules, the loss rate of CH 3 radicals was larger than the production rate. Moreover, in the case of the reactions of O radicals with CH 3 radicals and parent CH 4 molecules, the loss rate of CH 3 radicals was three orders of magnitude larger than the production rate.
The behavior of CH 3 radical density shown in Fig. 10 is explained by using emission intensities shown in Fig. 11 and chemical reactions described above. OH and O radicals contributing to the loss of CH 3 radicals increase with increasing the H 2 O partial pressure. On the other hand, Ar* emission intensity was almost constant with varying H 2 O partial pressure. The decrease in the density and lifetime of CH 3 radicals with increasing H 2 O pressure was caused by the increase in the loss rate due to the reactions with O and OH radicals.
In the parallel-plate rf CH 4 plasma without radical injection, the CH 3 radical density was measured, which was of the order of 10 12 cm
Ϫ3
. 21 In that system, since CH 3 radical density was high, it was concluded that the CH 3 radicals are the dominant precursor for the amorphous carbon thin film. On the other hand, in the present rf CH 3 OH or CH 4 plasma with OH radical injection, CH 3 radical density decreased with increasing OH radicals injected into the rf plasma. These re- sults indicate the increase in the loss reaction of CH 3 radicals with OH and O radicals.
The flux of CH 3 radicals was estimated to be less than 7.5ϫ10 14 cm Ϫ2 s Ϫ1 under the present conditions that CH 3 radical density was less than 4.0ϫ10 10 cm
. When we assume that the CH 3 radicals are the major species as a carbon source for the diamond growth, the deposition rate of the diamond film was estimated to be less than 1.0 ϫ10 Ϫ10 cm s Ϫ1 using the sticking probability of CH 3 radical of 0.02. 22, 23 On the other hand, the deposition rate of diamond films obtained in Fig. 7 was 9 .2ϫ10 Ϫ10 cm s
Ϫ1
. Comparing theses values, the contribution of CH 3 radicals was estimated to be 10% or less. In the present system, other species such as C or C 2 with a high sticking probability may contribute to the diamond film formation. Further detailed study such as measurements of other species and estimation of their contributions to the diamond film formation are necessary to clarify the mechanism of diamond film formation completely.
It is necessary for the formation of diamond film to etch nondiamond phases such as amorphous carbon and graphite. H and OH radicals injected into the rf plasma made the etching of the nondiamond phases during the diamond film formation as reported in our previous paper. 10, 12 OH radicals especially, played an important role in the selective etching of nondiamond phases. Moreover, etching of diamond film by the OH radical was negligible because the etch rate of diamond film by the OH radical was much smaller than the deposition rate of diamond film. 12 In this study, the etching of nondiamond phases by H and OH radicals was considerably effective for the diamond film formation in the parallelplate rf plasma.
The deposition rate of diamond films in the present system was small compared with the conventional microwave plasma CVD. This might be due to the small CH 3 radical density in the plasma because of large loss reaction rate of CH 3 radical with OH and O radicals injected into the rf plasma. Therefore, the cyclic process of deposition through CH 3 radicals and etching of nondiamond phases through H and OH radicals will be considered to be necessary to form diamond with a high rate, and this process is under preparation to be investigated.
IV. CONCLUSION
With H radical injection, diamond nuclei were formed in the rf CH 3 OH plasma, while diamond nuclei were not formed in the rf CH 4 plasma. With injection of OH radicals together with H radicals, diamond film was successfully formed in both rf CH 3 OH and CH 4 plasmas. OH radicals were found to be important species for the diamond formation in the parallel-plate rf plasma in addition to H radicals.
OH radicals especially, play role in the selective etching of nondiamond phases during the diamond film formation.
The kinetics of CH 3 radicals in the rf CH 3 OH and CH 4 plasmas with H and OH radical injection were clarified by IRLAS measurement. With injection of OH radicals together with H radicals into rf CH 3 OH and CH 4 plasmas, CH 3 radical density decreased with the increasing amount of injected OH radicals due to the increase in loss reaction of CH 3 radical with OH and O radicals.
